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ANNUAL  REPORT 


Amanda  P.  Parker  (astruc@lsuhsc.edu) 
Barbara  S.  Beckman  (bbeckman@tulane.edu 
Department  of  Pharmacology 
Tulane  University  Health  Science  Center 
1430  Tulane  Ave,  SL-83 
New  Orleans,  LA  70118 


Award  Number:  DAMD1 7-01 -1-0432 


INTRODUCTION 


Chemotherapeutic  drug  resistance,  or  failure  to  initiate  apoptosis  as  a 
response  to  a  chemotherapeutic  drug,  results,  in  part,  from  a  shift  in  the 
regulation  of  cellular  mechanisms  away  from  apoptosis  to  a  more  survival- 
oriented  pathway.  A  diminished  susceptibility  to  apoptosis  may  be  mediated  by 
the  differential  expression  of  certain  key  proteins,  which  serve  as  molecular 
determinants  for  the  cancer  cells’  capacity  to  survive  environmental  stress, 
including  drug  treatment.  We  have  previously  implicated  PKC  isoforms,  the  NF- 
kB  transcriptional  pathway,  and  well  as  aberrant  ceramide  signaling  as 
mechanisms  influencing  chemoresistance  in  breast  cancer.  However,  the 
connections  between  these  factors  are  not  well-understood,  and  therefore 
elucidation  of  their  mechanism  of  action  may  represent  a  potential  therapeutic 
target  for  breast  cancer.  We  are  using  an  isogenic  model  system  of  estrogen 
receptor  positive,  apoptosis-sensitive  and  apoptosis-resistant  breast  cancer  cell 
variant  MCF-7  cells,  to  define  the  role  of  specific  PKC  isoforms,  ceramide 
signaling,  and  NF-kB  in  cellular  apoptotic  signaling  pathways.  It  is  expected  that 
a  detailed  understanding  of  their  cellular  functions  will  provide  opportunities  for 
novel  pharmacological  interventions  in  in  vivo  systems. 


STATEMENT  OF  WORK 


The  aim  of  this  study  was  to  investigate  signaling  pathways  that  contribute 
to  chemoresistance  in  breast  cancer  and  to  use  this  information  to  identify  novel 
therapeutic  strategies  able  to  counteract  or  reverse  drug  resistance.  In  order  to 
do  this  we  have  developed  a  isogenic  model  of  breast  cancer  resistance  with 
apoptosis-sensitive  and  apoptosis-resistant  MCF-7  cells.  Previously  I 
demonstrated  that  the  resistant  MCF-7TN-R  cell  variant  possessed  distinct 
differences  in  ceramide  generation  following  cytotoxic  stimuli  and  that  treatment 
of  resistance  MCF-7TN-Rcells  with  exogenous  ceramide  analogs  inhibited  MCF- 
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7  cell  viability  equally  in  both  sensitive  and  resistant  MCF-7  cells,  and  could 
essentially  “reverse”  resistance  in  the  insensitive  MCF-7TN-R  cells. 

As  a  continuation  of  these  findings,  I  determined  that  that  exogenous 
ceramide  (Cer)  and  the  potent  4,6-diene-Cer  analog  were  effective  in  reducing 
the  cell  number  in  other  well-studied  cancer  cell  lines,  including  the 
chemoresistant  MCF-7/ADR  (breast)  and  SK-OV-3  (ovarian)  cell  lines,  as  well  as 
the  highly  metastatic  MDA-MB-231  cell  line  (Figure  1  A-C).  I  found  that  the  anti¬ 
proliferative  effect  of  Cer  and  4,6-diene-Cer  was  selective  for  transformed  breast 
cells  line  as  non-transformed  breast  epithelial  cells  were  more  refractory  to 
exogenous  Cer  treatment  even  at  concentrations  that  were  quite  toxic  to  the 
MCF-7  cell  line  (Figure  ID).  These  results  demonstrate  that  targeting  ceramide 
signaling  in  breast  cancer  is  an  important  avenue  for  further  drug  development. 

In  our  studies  investigating  mechanisms  involved  in  breast  cancer 
chemoresistance,  we  have  previously  determined  that  basal  NF-kB 
transcriptional  activity  was  profoundly  elevated  in  the  resistant  MCF-7TN-R  cell 
variant,  suggesting  that  NF-kB  may  play  a  role  in  the  resistance  of  these  cells. 
To  explore  this  further,  I  measured  the  constitutive  expression  of  the  NF-kB 
subunits.  I  found  that  expression  of  the  p50  subunit  of  the  NF-kB  heterodimer 
was  increased,  while  expression  of  inhibitory  IkB  subunit  was  down-regulated 
(Figure  2A).  In  order  to  determine  the  importance  of  NF-KB-mediated 
transcription  in  MCF-7TN-R  survival  and  resistance,  I  used  an  expression 
plasmid  for  a  mutant  form  of  IkB  (dominant  active  IkB  also  known  as  IkB  super¬ 
repressor  (IkB-SR)  to  inhibit  NF-kB  activity,  and  confirmed  this  inhibition  using  a 
NF-kB  luciferase  reporter  gene  assay  (as  originally  proposed  in  Task  3C). 
Transfection  with  IkB-SR  decreased  the  viability  of  both  MCF-  7N  and  MCF-7TN- 
R  cells  over  transfection  with  vector  alone,  and  enhanced  TNFa  and  Cer- 
mediated  cell  death  in  both  the  MCF-  7N  and  MCF-7TN-R  variant,  suggesting 
that  NF-kB  activity  is  involved  in  survival  signaling  in  these  cells  (Figure  3). 
Transfection  of  MCF-7  cells  with  expression  constructs  for  the  p50  and  p65 
subunits  of  NF-kB  did  not  significantly  increase  alter  cell  viability  either  alone  or 
following  exogenous  Cer  treatment. 

Cer  has  been  reported  to  both  activate  and  inhibit  the  activity  of  NF-kB  [1, 
2].  Since  inhibition  of  NF-kB  with  DN-IkB  decreased  the  viability  of  both  the 
MCF-7N  and  MCF-7TN-R  cells,  I  hypothesized  that  Cer-induced  inhibition  of  NF- 
kB  was  involved  in  anti-proliferative  effect  of  Cer.  Treatment  with  Cer  resulted  in 
concentration-dependent  decrease  in  the  basal  activity  of  NF-kB,  as  well  as  NF- 
kB  activity  stimulated  by  TNFa  treatment  (Figure  4).  The  activation  of  NF-kB  by 
TNFa  was  greater  in  the  MCF-7TN-R  variant  and  therefore  the  NF-kB  activity 
was  higher,  however  the  Cer-mediated  decrease  in  NF-kB  activity  was 
approximately  the  same  percentage  of  the  total  in  each  cell  variant.  Cer’s  ability 
to  inhibit  NF-kB  both  the  N  and  TN-R  variant  may  play  a  role  in  the  ability  of  Cer 
to  induce  death  in  both  cells  similarly. 
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Since  immunoblotting  demonstrated  that  expression  of  IkB  was 
diminished  in  MCF-7TN-R  cells,  and  since  inhibition  of  NF-kB  with  DN-IkB  led  to 
a  decrease  in  MCF-7  cell  viability,  I  investigated  the  effect  of  exogenous  Cer 
treatment  on  IkB  protein  levels  in  MCF-7  cells  (Figure  5).  Treatment  of  MCF-7N 
cells  with  TNFa  decreased  in  IkB  protein  levels,  while  treatment  with  30  pM  Cer 
for  1  hr  had  no  effect  on  IkB  expression.  Interestingly,  when  MCF-7  cells  were 
pretreated  with  Cer  (30  pM)  1  hr  prior  to  addition  of  TNFa,  it  prevented  the 
TNFa-induced  decrease  in  IkB,  suggesting  that  Cer  inhibits  NF-kB  activity 
through  alteration  in  IkB  expression. 

Since  the  non-transformed  HME  cell  line  was  less  sensitive  than  the  MCF- 
7  variants  to  the  cytotoxic  effects  of  Cer  treatment,  I  investigated  the  ability  of  Cer 
to  affect  NF-kB  activity,  as  well  as  the  effect  of  DN-IkB  on  HME  viability.  I 
hypothesized  that  Cer  did  not  inhibit  NF-kB  in  a  similar  manner  as  in  the  MCF-7 
cells,  and  that  inhibition  of  NF-kB  with  DN-IkB  construct  would  lead  to  a 
sensitization  of  the  HME  cells  to  Cer-mediated  cell  death.  Transfection  with  DN- 
IkB  did  not  inhibit  HME  cell  viability  as  compared  to  the  vector-transfected  control 
cells,  and  did  not  sensitize  these  cells  to  TNFa  or  Cer  treatment  (Figure  41). 
(Again,  I  used  an  NF-KB-luciferase  assay  ensure  that  NF-kB  transcriptional 
activity  was  inhibited  following  transfection  with  DN  IkB.)  Transfection  of  DN  IkB 
into  the  HME  cells  was  able  to  reduce  both  the  basal  and  TNFa-stimulated  NF- 
kB  activity,  as  well  enhance  inhibition  of  NF-kB  by  Cer. 

I  have  previously  demonstrated  that  expression  of  PKCa  and  PKC£  was 
higher  in  the  MCF-7TN-R  variant,  while  the  expression  of  PKC8  was  diminished. 
Since  PKC£  expression  was  increased  in  MCF-7TN-R  cells  and  since  PKC2,  has 
been  shown  to  regulate  NF-kB  activity,  in  Figure  7  I  used  expression  plasmids 
for  a  kinase-dead  (DN)  and  a  constitutively  active  (CA)  form  of  PKC£  to 
determine  the  consequence  of  changes  in  activity  of  PKC^  on  NF-kB  activation 
and  MCF-7  cell  viability  (as  originally  outlined  in  Tasks  Id,  2a,  2b,  and  3a). 
Transfection  of  CA-PKC^  slightly  reversed  the  ability  of  Cer  to  inhibit  NF-kB 
mediated  transcription,  while  transfection  with  DN-PKC^  enhanced  inhibition  of 
NF-kB  activity  by  Cer;  however  these  effects  were  not  significant  for  any 
concentration  of  Cer  tested.  In  addition,  transfection  of  either  the  CA-PKC^  or 
the  DN-PKC^  plasmid  did  not  significantly  alter  the  anti-proliferative  effect  of  Cer 
in  MCF-7  cells  (Figure  7). 


KEY  ACCOMPLISHMENTS 


•  Characterized  differences  in  the  basal  expression  of  NF-kB  subunits  in 
chemoresistant  and  chemosensitive  breast  cancer  cells 

•  Demonstrated  the  importance  of  the  NF-kB  transcriptional  pathway  as  a 
key  determinant  in  MCF-7  breast  cancer  cell  chemoresistance  and 
survival,  particularly  decrease  expression  of  the  inhibitory  IkB  subunit 


•  Demonstrated  the  ability  of  exogenous  ceramide  treatment  to  inhibit  NF- 
kB  activity  -  a  characteristic  which  may  play  a  role  in  the  ability  of 
exogenous  ceramide  to  induce  apoptosis  in  breast  cancer  cells 

•  Demonstrated  that  manipulation  of  PKC£  signaling  using  either 
constitutively  active  or  kinase  dead  PKC^  expression  constructs  did  not 
affect  MCF-7  cell  viability  following  exposure  to  cytotoxic  agents 

•  Demonstrated  that  exogenous  ceramide  treatment,  which  is  cytotoxic  to 
breast  cancer  cells,  is  relatively  non-toxic  to  non-transformed  breast 
epithelial  cells,  supporting  the  proposed  use  of  exogenous  ceramide  as  a 
chemotherapeutic  agent  for  breast  cancer 


OUTCOMES 


•  Publication  of  manuscript  in  Journal  of  Pharmacology  and  Experimental 
Therapeutics  [3]  -  (see  Appendix) 

•  Submission  of  manuscript  to  Oncogene  (see  Appendix  for  Abstract) 

•  Abstract  -  American  Association  of  Cancer  Researcher,  Orlando,  FL  (May 
2004)  (see  Appendix) 

•  Abstract  -  Tulane  Health  Science  Center  Woman’s  Health  Research  Day, 
Tulane  University  (May  2004) 

•  Seminar  presentation  -  Department  of  Pharmacology,  Tulane  University 
(February  2004) 

•  Seminar  presentation  -  Department  of  Pharmacology  and  Experimental 
Therapeutics,  Louisiana  State  University  Health  Sciences  Center  (May 
2004) 

•  Completed  degree  program  and  awarded  Ph.D.  in  Pharmacology, 
Department  of  Pharmacology,  Tulane  University  (June  2004) 
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Figure  13.  Effect  of  Cer  treatment  on  various  cancer  cell  line.  MCF-7/ADR  (A),  SK- 
OV-3  ovarian  adenocarcinoma  (B),  MDA-MB-231  (C),  and  non-transformed  human 
mammary  epithelial  (HME)  cells  (D)  were  plated  at  7.5  x  105  cells  per  96-well  plate  in 
phenol-free  DMEM.  The  following  day,  the  cells  were  treated  with  the  indicated 
concentrations  of  Cer  for  48  hr  and  viability  was  estimated  using  an  MTT  assay.  Data  are 
presented  as  percent  viability  of  vehicle-treated  control  cells.  Mean  values  ±  S.E.  of 
three  different  experiments  in  quadruplicate  are  reported.  Note:  the  concentration- 
response  curve  of  MCF-7  adenocarcinoma  cells  are  shown  in  (D)  for  comparison  with 
HME  cells. 
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Figure  2.  Resistant  MCF-7TN-R 
cells  have  an  altered  expression 
of  NF-kB  subunits.  MCF-7N  or 
MCF-TN-R  cells  were  plated  at  1 .5 
x  106  cells  /  25  cm2  flask  in  DMEM. 
Twenty-four  hours  later  the  cells 
were  harvested,  lysed,  and 
immunoblotting  was  used  to 
determine  the  relative  expression  of 
p50  NF-kB,  p65  NF-kB,  or  IkB. 
Densitometry  was  used  to  quantify 
the  protein  expression  as 
normalized  to  (3-actin. 


Figure  3.  Transfection  with  IkB-SR  inhibits  the  viability  of  both  the  MCF-7N  and 
MCF-7TN-R  cell  variant.  MCF-7N  and  TN-R  cell  variants  were  plated  at  5  x  105  cells 
per  96-well  plate  in  phenol-free  DMEM.  The  following  day,  the  cells  were  transfected 
with  pCMV-kB  (100  ng/well)  and  EGFP  (30  ng/well)  for  24  hr.  The  cells  were  then 
treated  with  10  ng/ml  TNFa  or  the  indicated  concentrations  of  Cer  for  24  hr.  Following 
incubation,  cell  viability  was  estimated  using  an  MTT  viability  assay.  Data  are  presented 
as  percent  viability  of  vehicle-treated  control  cells.  Mean  values  ±  S.E.  of  three  different 
experiments  in  quadruplicate  are  reported. 
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Figure  4.  Cer  inhibits  basal  and  stimulated  NF-KB-luciferase  activity.  MCF-7N  or  MCF- 
7TN-R  cell  were  plated  in  24-well  plates.  The  following  day,  the  cells  were  transfected  with 
150  ng/well  pFC-NF-KB-luc  and  50  ng/well  pSA-p-gal.  After  a  five  hr  incubation,  cells  were 
treated  with  either  the  indicated  concentrations  of  Cer  (A),  or  pretreated  with  the  indicated 
concentration  of  Cer  followed  by  1  ng/ml  TNFa  (B).  After  16  h,  cells  were  harvested  and 
assayed  for  luciferase  activity.  RLUs  were  normalized  to  (3-gal  activity  and  are  expressed  as 
mean  fold  change  ±  S.E.,  as  compared  to  untreated  control  (set  to  1).  Data  are  mean 
values  from  four  different  experiments  performed  in  duplicate.  (*,  p  <  0.01  as  compared  to 
basal  (A)  or  TNF  (B)  treatment,  as  determined  by  one-way  ANOVA) 


Figure  5.  Cer  treatment  prevents  IkB  degradation.  MCF-7N  cells  were  either  treated 
with  30  pM  Cer  for  1  hr,  10  ng/ml  TNFa  for  10  min,  or  30  pM  DH-Cer  for  1  hr;  or  pretreated 
with  30  pM  Cer  or  DH-Cer  for  1  hr  followed  by  treatment  with  TNF  a  for  10  min. 
Immunoblotting  was  used  to  determine  IkB  expression.  A  representative  blot  from  one  of 
three  independent  experiments  is  shown. 
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Figure  6.  HME  cell  viability  is  not  significantly  affected  by  inhibition  of 
NF  kB  by  transfection  with  DN-IkB.  (A)  HME  cells  were  transfected  with 
IkB-SR  for  24  hr  in  96-well  plates.  The  following  day  cells  were  treated  with  10 
ng/ml  TNF  or  indicated  concentrations  of  Cer  for  24  hr.  An  MTT  assay  was 
used  to  estimate  viability.  Data  are  presented  as  percent  viability  of  vehicle- 
treated  control  cells.  Mean  values  ±  S.E.  of  three  different  experiments  in 
quadruplicate  are  reported.  (B)  HME  cells  were  transfected  with  IkB-SR  in 
12-well  plates.  The  following  day  the  cells  were  transfected  with  NF-kB- 
luciferase  and  P-gal  for  5  hr.  Following  transfection,  the  cells  were  treated  with 
TNFa  or  ceramide  for  16  hr.  The  cells  were  then  lysed  and  assayed  for 
luciferase  activity.  RLUs  were  normalized  to  P-gal  activity  and  are  expressed 
as  fold  change  over  untreated  control.  (*,  p  <  0.01  compared  to  vector-treated 
as  determined  by  two-way  ANOVA) 
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Figure  7.  Effect  of  CA-PKC£  or  DN-PKC£  on  NF-kB  activity.  (A)  MCF-7N  cells 
were  transfected  with  pCMV,  CA-PKC£,  or  pCMV-DN-PKC^  (all  at  150  ng/well)  for 
24  hr.  The  following  day,  the  cells  were  transfected  with  lOOng/well  NF-kB-Iuc  and 
50  ng/ml  (3-gal  for  5  hr.  Following  transfection,  the  cells  were  treated  with  TNFa  or 
the  indicated  concentration  of  Cer  for  16  hr.  RLUs  were  normalized  to  |3-gal  activity 
and  expressed  as  fold  change  over  pCMV  control.  (*,  p  <  0.01  compared  to  vector- 
treated  as  determined  by  ANOVA)  (B)  MCF-7N  cells  were  transfected  with  pCMV, 
CA-PKC^,  or  DN-PKCS,  (all  at  100  ng/well)  and  EGFP  (30  ng/well)  for  24  hr  in  96- 
well  plates  and  treated  with  either  10  ng/ml  TNF  or  indicated  cone,  of  Cer  for  24  hr. 
An  MTT  assay  was  used  to  estimate  viability.  Data  are  presented  as  percent 
viability  of  vehicle-treated  control  cells.  Mean  values  ±  S.E.  of  three  different 
experiments  in  quadruplicate  are  reported. 
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Abstract  -  for  American  Association  for  Cancer  Researchers  and  Tulane 

University  Woman’s  Health  Research  Day 

Recent  evidence  suggests  a  role  for  aberrant  ceramide  levels  in  the 
pathogenesis  of  cancer  and  chemoresistance,  and  indicates  that  manipulation  of 
tumor  ceramide  levels  may  be  a  useful  strategy  in  the  fight  against  breast  cancer. 
This  study  demonstrates  that  alterations  in  the  degree  and  position  of  unsaturation 
of  bonds  in  the  sphingoid  backbone  of  D-e/yf/?ro-A/-octanoyl-sphingosine  (Cer)  affect 
the  antiproliferative  ability  of  ceramide  analogs  in  breast  cancer  cells.  The  most 
potent  analog  of  Cer  we  tested  is  (2S,3R)-(4E,6E)-2-octanoylamidooctadecadiene- 
1 ,3-diol  (4,6-diene-Cer),  which  contains  an  additional  trans  double  bond  at  C(6)-C(7) 
of  the  sphingoid  backbone.  4,6-Diene-Cer  exhibited  higher  potency  than  Cer  in 
TNF-a-resistant  (IC50  1 1 .3  pM  vs  32.9  pM)  and  TNF-a-sensitive  (IC50  1 3.7  pM  vs 
37.7  pM)  MCF-7  cells.  4,6-Diene-Cer  was  also  more  potent  than  Cer  in  inducing 
cell  death  in  MDA-MB-231  and  NCI/ADR-RES  breast  cancer  cell  lines  (IC50  3.7  pM 
vs  1 1 .3  pM,  and  24.1  pM  vs  86.9  pM,  respectively).  4,6-Diene-Cer  caused  a 
prolonged  elevation  of  intracellular  ceramide  levels  in  MCF-7  cells,  which  may 
contribute  to  its  enhanced  cytotoxicity.  Furthermore,  treatment  of  MCF-7  cells  with 
Cer  or  4,6-diene-Cer  resulted  in  induction  of  apoptosis  by  8  hr  via  the  mitochondrial 
pathway,  as  demonstrated  by  release  of  cytochrome  c,  loss  of  membrane 
asymmetry  (measured  by  Annexin  V  staining),  and  a  decrease  in  the  mitochondrial 
membrane  potential.  Importantly,  both  Cer  and  4,6-diene-Cer  displayed  selectivity 
toward  transformed  breast  cells  over  non-transformed  breast  epithelial  cells.  These 
data  suggest  that  these  and  other  novel  ceramide  analogs  represent  potential 
therapeutic  agents  in  breast  cancer  treatment.  This  work  is  supported  by  US  Dept, 
of  Defense  Breast  Cancer  Research  Training  Program  (DAMD1 7-01 -1-0432). 

Abstract  -  manuscript  submitted  to  Oncogene 

Dysregulation  of  ceramide  signaling  plays  an  important  role  in  tumor 
progression  and  development  of  chemoresistance,  and  ceramide-based  therapies 
are  proposed  as  potential  therapeutic  tools  in  the  treatment  of  breast  cancer.  We 
investigated  the  effect  of  exogenous  ceramide  on  breast  cancer  proliferation,  as 
measured  by  colony  formation  and  cell  cycle  progression.  Exogenous  ceramide 
inhibited  the  colony-forming  potential  of  MCF-7  cells  (IC50  4.9  pM)  and  induced  a 
selective  arrest  of  MCF-7  cells  in  the  G-i-phase.  Cell  cycle  arrest  was  associated 
with  a  decreased  expression  of  cyclins  D  and  E,  as  well  as  increased  expression  of 
p53  and  p21 .  Interestingly,  inhibition  of  p53-mediated  transcription  with  either 
pifithrin  a  or  DN-p53  sensitized  MCF-7  cells  to  ceramide-induced  cell  death.  DNA 
content  analysis  suggests  that  sensitization  of  cells  is  due  to  an  increased  induction 
of  apoptosis  in  MCF-7  cells,  at  the  expense  of  growth  arrest  in  the  Gi-phase.  The 
increased  sensitivity  to  ceramide,  in  the  context  of  p53  inhibition,  may  be  due  to  the 
decreased  expression  of  the  p53  target  gene,  p21  as  siRNA  targeted  to  p21  also 
sensitized  MCF-7  cells  to  ceramide-induced  cell  death.  These  data  demonstrate 
that  in  tumors  with  inactivating  mutations  of  p53,  ceramide-based  therapies  might 
provide  a  novel  and  effective  treatment  option. 
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ABSTRACT 

Recent  evidence  suggests  a  role  for  aberrant  ceramide  levels  in 
the  pathogenesis  of  cancer  and  chemoresistance  and  indicates 
that  manipulation  of  tumor  ceramide  levels  may  be  a  useful 
strategy  in  the  fight  against  breast  cancer.  This  study  demon¬ 
strates  that  alterations  in  the  degree  and  position  of  unsatura¬ 
tion  of  bonds  in  the  sphingoid  backbone  of  o-erythro-N-oc- 
tanoyl-sphingosine  (Cer)  affect  the  antiproliferative  ability  of 
ceramide  analogs  in  breast  cancer  cells.  The  most  potent  an¬ 
alog  of  Cer  we  tested  is  (2S,3fl)-(4£,6£)-2-octanoylamidoocta- 
decadiene-1,3-diol  (4,6-diene-Cer),  which  contains  an  addi¬ 
tional  trans  double  bond  at  C(6)-C(7)  of  the  sphingoid 
backbone.  4,6-Diene-Cer  exhibited  higher  potency  than  Cer  in 
tumor  necrosis  factor  (TNF)-a-resistant  (IC50  of  11.3  versus 
32.9  /laM)  and  TNF-a-sensitive  (IC50  of  13.7  versus  37.7  p,M) 
MCF-7  cells.  4,6-Diene-Cer  was  also  more  potent  than  Cer  in 


inducing  cell  death  in  MDA-MB-231  and  NCI/ADR-RES  breast 
cancer  cell  lines  (IC50  of  3.7  versus  11.3  p.M,  and  24.1  versus 
86.9  /ulM,  respectively).  4,6-Diene-Cer  caused  a  prolonged  el¬ 
evation  of  intracellular  ceramide  levels  in  MCF-7  cells,  which 
may  contribute  to  its  enhanced  cytotoxicity.  Furthermore,  treat¬ 
ment  of  MCF-7  cells  with  Cer  or  4,6-diene-Cer  resulted  in 
induction  of  apoptosis  by  8  h  via  the  mitochondrial  pathway,  as 
demonstrated  by  release  of  cytochrome  c,  loss  of  membrane 
asymmetry  (measured  by  Annexin  V  staining),  and  a  decrease 
in  the  mitochondrial  membrane  potential.  Importantly,  both  Cer 
and  4,6-diene-Cer  displayed  selectivity  toward  transformed 
breast  cells  over  nontransformed  breast  epithelial  cells.  These 
data  suggest  that  these  and  other  novel  ceramide  analogs 
represent  potential  therapeutic  agents  in  breast  cancer  treat¬ 
ment. 


Breast  cancer  is  the  most  commonly  diagnosed  cancer  in 
women,  and  the  American  Cancer  Society  estimates  there 
will  be  approximately  213,000  new  cases  diagnosed  in  2003. 
Resistance  to  therapy  is  the  major  reason  for  failure  of  cancer 
treatment.  Chemo-  and  radiotherapies  are  thought  to  pri¬ 
marily  exert  antitumor  effects  through  the  activation  of  pro¬ 
grammed  cell  death  pathways  (Mesner  et  al.,  1997),  and 
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resistance  to  these  therapies  is  often  the  result  of  defects  in 
this  apoptotic  cell  death  cascade.  From  a  pharmacological 
perspective,  development  of  new  agents  that  can  induce  pro¬ 
grammed  cell  death  or  overcome  resistance  mechanisms  are 
predicted  to  improve  patient  outcomes,  prevent  relapse,  and 
prolong  patient  survival. 

Ceramide  is  a  sphingolipid  signaling  molecule  that  has 
been  shown  to  mediate  a  diverse  range  of  biological  responses 
to  extracellular  stimuli,  including  proliferation,  differentia¬ 
tion,  immune  responses,  senescence,  and  growth  arrest 
(Hannun  and  Obeid,  2002;  Kolesnick,  2002).  The  diversity  of 
responses  elicited  by  ceramide  suggests  the  presence  of  dis¬ 
tinct  signaling  pathways  upon  which  ceramide  acts.  In  the 


ABBREVIATIONS:  Cer,  (2S,3fl)-A/-octanoyl-sphingosine;  DH-Cer,  (2S,3R)-A/-octanoyl-4,5-dihydrosphingosine;  4,6-diene-Cer,  (2S,3R)-(4E,6£)-2-oc- 
tanoylamidooctadecadiene- 1 ,3-diol;  4,6-diene-7-Ph-Cer,  (2S,3R)-(4E,6£)-2-octanoylamido-7-phenylheptadiene-1 ,3-diol;  6-ene-Cer,  (2S,3fl)-(6£)-2-oc- 
tanoylamidooctadecene-1 ,3-diol;  6-OH-Cer,  (2S,3fl,6S)-(4£)-2-octanoylamidooctadecene-1 ,3,6-triol;  6-OH-4-yne-Cer,  (2S,3R,6S)-2-octanoylamido-4- 
octadecyne-1,3,6-triol;  TNF,  tumor  necrosis  factor;  hTERT,  human  telomerase;  DMEM,  Dulbecco’s  modified  Eagle’s  medium;  HME,  human  mammary 
epithelial;  MTT,  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide;  PBS,  phosphate-buffered  saline;  FITC,  fluorescein  isothiocyanate;  PI, 
propidium  iodide;  A^m,  mitochondrial  membrane  potential;  JC-1,  S.S'.e.e'-tetrachloro-I.V.S.S'-tetraethylbenzimidazolylcarbocyanine  iodide;  DAG, 
diacylglycerol;  HPLC,  high-performance  liquid  chromatography. 
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field  of  cancer  biology,  ceramide  has  been  intensely  studied 
for  its  ability  to  induce  both  apoptotic  and  nonapoptotic  cell 
death  (Obeid  et  al.,  1993;  Lopez-Marure  et  al.,  2002).  In 
tumor  cells,  chemotherapeutic  drugs  such  as  doxorubicin, 
vincristine,  etoposide,  and  paclitaxel  (Senchenkov  et  al., 
2001),  as  well  radiotherapy,  increase  intracellular  ceramide 
levels  after  treatment  (Haimovitz-Friedman,  1998).  In  most 
cases,  this  treatment-induced  rise  in  ceramide  is  critical  for 
response  to  these  treatments,  and  pharmacological  agents 
that  affect  production  or  accumulation  of  ceramide  can  alter 
the  response  to  chemotherapy  (Olshefski  and  Ladisch,  2001; 
Litvak  et  al.,  2003). 

Consistent  with  the  principle  that  increasing  intracellular 
ceramide  can  mediate  tumor  cell  death,  aberrant  or  de¬ 
creased  ceramide  signaling  has  been  implicated  in  contribut¬ 
ing  to  tumor  progression  and  resistance  to  therapy.  Ceramide 
levels  in  human  specimens  of  primary  and  metastatic  colon 
cancer  contained  approximately  one-half  the  level  of  cer¬ 
amide  compared  with  respective  normal  colon  mucosa  from 
the  same  patient  (Selzner  et  al.,  2001),  and  ceramide  levels 
have  been  inversely  correlated  with  malignant  progression  in 
glial  specimens  (Riboni  et  al.,  2002).  In  addition,  many  radi¬ 
ation-resistant  cell  lines  and  isolated  tumor  specimens  do  not 
produce  ceramide  after  irradiation  (Chmura  et  al.,  1997; 
Michael  et  al.,  1997),  and  a  number  of  multidrug  resistant 
cancer  cell  lines  do  not  generate,  or  accumulate,  ceramide  in 
response  to  therapy  (Cai  et  al.,  1997;  Wang  et  al.,  1999). 
These  data  suggest  that  clinical  manipulation  of  ceramide 
levels  within  tumors  represents  an  important  mechanism  for 
decreasing  both  tumor  survival  and  chemotherapeutic  resis¬ 
tance  mechanisms  and  makes  ceramide  signaling  an  attrac¬ 
tive  target  for  chemotherapeutic  drug  development. 

In  this  study,  we  examine  the  antiproliferative  and  pro- 
apoptotic  activities  of  a  series  of  novel  ceramide  analogs  in  a 
model  of  breast  cancer  resistance.  Altering  the  composition 
and  degree  of  unsaturation  of  the  sphingoid  backbone  of 
ceramide  significantly  changed  the  ability  of  these  analogs  to 
decrease  viability  and  proliferation  in  both  chemosensitive 
and  chemoresistant  MCF-7  cells.  Importantly,  the  ability  of 
ceramide  analogs  to  induce  apoptosis  was  selective  for  breast 
cancer  cells  compared  with  normal  mammary  epithelial  cells. 
Because  ceramide  has  been  shown  to  be  involved  in  tumor 
sensitivity  to  apoptosis  and  chemoresistance,  we  suggest  that 
development  of  ceramide  analogs  with  increased  antitumor 
activity  represents  a  potential  new  class  of  chemotherapeutic 
agents. 

Materials  and  Methods 

Reagents.  D-e/yMro-CS-Ceramide  (Cer)  and  C8-dihydroceramide 
(DH-Cer)  were  purchased  from  BIOMOL  Research  Laboratories 
(Plymouth  Meeting,  PA).  To  achieve  cell  permeability,  all  of  the 
ceramide  analogs  used  in  the  present  study  have  an  iV-octanoyl 
chain.  The  syntheses  of  (2S,3R)-(4£,6E)-2-octanoylamidooctadeca- 
diene-l,3-diol  (4,6-diene-Cer)  and  (2S,3R)-(6E)-2-octanoylamidoocta- 
decene-l,3-diol  (6-ene-Cer)  have  been  described  previously  (Chun  et 
al.,  2002).  The  syntheses  of  (2S,3/?,6S)-(4£)-2-octanoylamidooctade- 
cene-l,3,6-triol  (6-OH-Cer)  and  (2S,3i?,6S)-2-octanoylamido-4-octa- 
decyne-l,3,6-triol  (6-OH-4-yne-Cer)  have  also  been  described  previ¬ 
ously  (Chun  et  al.,  2003a).  (2S,3R)-(4£,6E)-2-Octanoylamido-7- 
phenylheptadiene-l,3-diol  (4,6-diene-7-Ph-Cer)  was  prepared  by 
using  a  synthetic  strategy  similar  to  that  used  in  the  preparation  of 
4,6-diene-Cer.  All  ceramide  analogs  were  dissolved  in  ethanol,  and 


all  treatments  were  adjusted  to  have  identical  final  ethanol  concen¬ 
trations  of  less  than  0.1%.  TNF-a  was  purchased  from  R&D  Biosys¬ 
tems  (Abingdon,  UK). 

Cell  Culture.  MCF-7N  and  MCF-7TN-R  cells,  as  well  as  MDA- 
MB-231  and  NCI/ADR-RES  cells,  were  grown  in  Dulbecco’s  modified 
Eagle’s  medium  (DMEM)  (Invitrogen,  Carlsbad,  CA)  supplemented 
with  10%  fetal  bovine  serum,  basal  medium  Eagle  amino  acids, 
minimal  essential  medium  amino  acids,  sodium  pyruvate,  and  pen¬ 
icillin-streptomycin  (Invitrogen).  The  MCF-7  N  cell  variant  is  a  sub¬ 
clone  of  MCF-7  cells  from  the  American  Type  Culture  Collection 
(Manassas,  VA)  that  was  generously  provided  by  Louise  Nutter 
(University  of  Minnesota,  Minneapolis,  MN)  (Burow  et  al.,  1998). 
Generation  of  the  resistant  MCF-7  variant  (MCF-7TN-R)  was 
achieved  by  prolonged  exposure  of  MCF-7N  cells  to  increasing  con¬ 
centrations  of  TNF-a.  Human  mammary  epithelial  (HME)  cells 
transfected  with  telomerase  (hTERT-HME)  were  purchased  from  BD 
Biosciences  Clontech  (Palo  Alto,  CA)  and  were  cultured  in  mammary 
epithelial  cell  medium  (Cambrex,  San  Diego,  CA)  supplemented  with 
bovine  pituitary  extract. 

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium  Bro¬ 
mide  (MTT)  Viability  Assay.  MCF-7  cell  variants  or  HME  cells 
were  seeded  at  7.5  X  105  cells  per  96-well  plate  in  phenol-free  DMEM 
(or  mammary  epithelial  cell  medium  for  HME)  supplemented  with 
10%  fetal  bovine  serum  and  allowed  to  adhere  overnight.  Cells  were 
treated  with  the  indicated  concentrations  of  TNF-a  or  ceramide 
analog  for  24  to  48  h.  Twenty-five  microliters  of  MTT  dye  (5  mg/ml) 
was  incubated  in  each  well  for  4  h.  Cells  were  lysed  with  20%  SDS  in 
50%  dimethylformamide.  The  pH  and  absorbances  were  read  on  an 
ELX808  Microtek  plate  reader  (Bio-Tek  Instruments,  Winooski,  VT) 
at  550  nm,  with  a  reference  wavelength  of  630  nm.  Unless  otherwise 
indicated,  viability  is  expressed  as  a  percentage  of  vehicle-treated 
control.  All  treatments  were  carried  out  in  quadruplicate,  and  all 
experiments  were  performed  at  least  three  times. 

Western  Blot  Analysis.  MCF-7N  or  MCF-7TN-R  cells  were 
plated  at  5  X  105  cells  in  25-cm2  culture  flasks  and  treated  as 
indicated.  Cells  were  detached  using  0.5%  EDTA-PBS,  pelleted  by 
centrifugation,  resuspended  in  sonication  buffer  (62.5  mM  Tris-HCl, 
pH  6.8,  4%  (w/v)  SDS,  10%  glycerol,  1  mM  phenylmethylsulfonyl 
fluoride,  as  well  as  protease  and  phosphatase  inhibitor  cocktails; 
Sigma-Aldrich,  St.  Louis,  MO],  and  sonicated  for  30  s.  After  centrif¬ 
ugation  at  12,000g  for  3  min,  50  pg  of  protein  was  suspended  in 
sample  loading  buffer  [62.5  mM  Tris-HCl,  pH  6.8,  2%  (w/v)  SDS,  10% 
glycerol,  5%  /3-mercaptoethanol,  and  0.01%  bromphenol  bluel,  boiled 
for  3  min,  and  electrophoresed  on  12  to  15%  polyacrylamide  gels.  The 
proteins  were  transferred  to  a  nitrocellulose  membrane  (Bio-Rad, 
Hercules,  CA),  which  was  blocked  with  PBS-Tween  (0.05%)-5%  low- 
fat  dry  milk  solution  at  room  temperature  for  1  h.  The  membrane 
was  subsequently  probed  with  polyclonal  antibodies  raised  against 
cytochrome  c  (1:500  dilution;  Santa  Cruz  Biotechnology,  Inc.,  Santa 
Cruz,  CA),  cytochrome  c  oxidase  (1:1000  dilution;  Molecular  Probes, 
Eugene,  OR).  After  incubation  at  4°C  overnight,  blots  were  washed 
three  times  in  PBS-Tween  (0.05%)  solution  and  incubated  with  the 
appropriate  secondary  antibodies  corrugated  to  horseradish  peroxi¬ 
dase  (1:10,000  dilution;  Oxford,  Oxford,  MI)  for  2  h  at  room  temper¬ 
ature.  After  four  washes  with  PBS-Tween  solution,  immunoreactive 
proteins  were  detected  using  the  ECL  chemiluminescence  system 
(Amersham  Biosciences  Inc.,  Piscataway,  NJ)  and  recorded  by  fluo- 
rography  on  Hyperfilm  (Amersham  Biosciences  Inc.),  according  to 
the  manufacturer’s  instructions. 

Annexin  V  Apoptosis  Assay.  FITC  Annexin  V/propidium  iodide 
(PI)  apoptosis  assay  kits  were  purchased  from  Molecular  Probes,  and 
assays  were  performed  according  to  the  manufacturer’s  instructions. 
Briefly,  MCF-7  cells  were  treated  with  the  indicated  ceramide  analog 
for  24  h,  harvested,  and  pelleted  by  centrifugation.  Cell  pellets  were 
washed  once  in  ice-cold  PBS,  resuspended  in  Annexin  binding  buffer 
(~1  X  106  cells/ml),  and  incubated  with  FITC-cor\jugated  Annexin  V 
and  propidium  iodide  (1  pg/ml)  for  15  min  at  37°C  in  the  dark.  The 
stained  cells  were  analyzed  on  a  BD  Biosciences  FACStar  flow  cy- 
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tometer  measuring  fluorescence  emission  at  530  nm  for  FITC,  and 
638  nm  for  PI.  Cells  negative  for  both  Annexin  V  and  PI  staining  are 
considered  live  cells.  Annexin  V-positive  and  Pi-negative  staining 
cells  are  undergoing  early  stages  of  apoptosis,  PI-  and  Annexin 
V-positive  staining  cells  are  necrotic  and/or  late  apoptotic  cells,  and 
Pi-positive  and  Annexin  V-negative  staining  cells  are  necrotic  cells. 

Cytochrome  c  Release.  Cells  (4  X  106)  were  harvested  with  0.5% 
EDTA-PBS,  pooled  with  media  and  washes  containing  floating  cells, 
and  pelleted  by  centrifugation  at  500g  for  3  min  at  4°C.  Pellets  were 
resuspended  with  buffer  A  (20  mM  HEPES-KOH,  pH  7.5,  10  mM 
KC1, 1.5  mM  MgCl2, 1  mM  EDTA,  1  mM  EGTA,  10  mM  benzamidine, 
1  mM  dithiothreitol,  250  mM  sucrose,  and  protease  and  phosphatase 
inhibitor  cocktails;  Sigma-Aldrich),  and  then  lysed  by  passing  the 
suspension  through  a  25-gauge  needle  15  times.  Homogenates  were 
centrifuged  at  500g  for  5  min  at  4°C.  Supernatants  were  further 
centrifuged  at  10,000g  for  30  min  at  4°C,  and  the  resultant  mito- 
chondria-rich  pellets  were  resuspended  in  buffer  A  and  sonicated. 
The  supernatant  from  the  10,000g  spin  was  designated  as  cytosol. 
Protein  concentrations  were  determined  by  the  Bradford  reagent 
assay  (Bio-Rad).  Subcellular  fractionations  were  subjected  to  immu- 
noblotting  as  described  above.  Experiments  were  performed  three  to 
five  times,  and  the  results  of  a  typical  experiment  are  shown. 

Measurement  of  Mitochondrial  Membrane  Potential 
(A'P,,,).  MCF-7  cells  were  seeded  at  7.5  X  10®  cells  per  96-well  plate 
in  phenol-free  DMEM  supplemented  with  10%  fetal  calf  serum  and 
allowed  to  adhere  overnight.  The  cells  were  treated  with  30  pM  of 
ceramide  analog  for  indicated  times.  After  incubation,  the  medium 
was  removed,  2.5  pM  5,5',6,6'-tetrachloro-l,l',3,3'-tetraethylben- 
zimidazolylcarbocyanine  iodide  (JC-1)  (Chemicon  International,  Te¬ 
mecula,  CA)  was  added  to  each  well,  and  plates  were  incubated  at 
37°C  for  20  min.  After  incubation,  JC-1  dye  was  removed  and  the 
cells  were  carefully  washed  with  IX  incubation  buffer,  followed  by 
addition  of  PBS.  Emitted  fluorescence  was  measured  on  an  FLx600 
fluorometer  (Bio-Tek  Instruments)  at  530  nm  (red)  and  590  nm 
(green)  with  excitation  at  485  nm.  The  decrease  in  the  mitochondrial 
membrane  potential  was  estimated  by  calculating  the  ratio  of  fluo¬ 
rescence  at  590  nm  and  530  nm  for  each  well  as  described  (Stoica  et 
al.,  2003).  Ratios  of  treated  samples  are  expressed  as  the  percentage 
of  the  vehicle-treated  control  (considered  100%). 

Analysis  of  Cellular  Ceramide  Levels.  Ceramide  was  quanti¬ 
fied  by  the  diacylglycerol  (DAG)  kinase  assay  as  32P-incorporated 
into  ceramide  1-phosphate,  or  by  HPLC,  as  described  previously 
(Clejan,  1998).  In  the  DAG  kinase  method,  MCF-7  cells  were  treated 
with  TNF-a,  Cer,  or  ceramide  analog  for  the  times  indicated,  washed 
in  PBS,  and  fixed  in  ice-cold  methanol.  The  lipids  were  extracted  in 
chloroform,  and  the  organic  phase  was  dried  under  a  nitrogen 
stream.  The  lipids  contained  in  the  organic  phase  extract  were  re¬ 
suspended  in  20  p.1  of  7.5%  n-octyl  /3-glucopyranoside,  5  mM  cardio- 
lipin,  1  mM  diethylenetriaminepentaacetic  acid  (Sigma-Aldrich), 
and  40  pi  of  purified  DAG  kinase  in  enzyme  buffer  (20  mM  Tris-HCl, 
10  mM  dithiothreitol,  1.5  M  NaCl,  250  mM  sucrose,  and  15%  glyc¬ 
erol,  pH  7.4).  DAG  kinase  was  added  in  excess  to  ensure  the  total 
conversion  of  the  substrate  to  the  phosphorylated  product.  Fifty 
microliters  of  buffer,  containing  [y-32P]ATP  (10  mM;  1000  dpm/ 
pmol),  were  added  to  start  the  reaction.  After  30  min  at  22°C,  the 
reaction  was  stopped  by  extraction  of  lipids  with  1  ml  of  chloroform/ 
methanol/hydrochloric  acid  (100:100:1  (v/v)l.  Buffered  saline  solution 
(170  pi;  135  mM  NaCl,  1.5  mM  CaCl2,  0.5  mM  MgCl2,  5.6  mM 
glucose,  and  10  mM  HEPES,  pH  7.2)  and  30  pi  of  100  mM  EDTA 
were  added.  The  organic  phase  (lower)  was  dried  under  N2.  Cer¬ 
amide  1-phosphate  was  resolved  by  thin  layer  chromatography  using 
CHCl3:CH3OH/acetic  acid  (65:15:5  (v/v/v)]  as  the  solvent  system  and 
detected  by  autoradiography  (Rf  fraction  between  0.5  and  0.6),  and 
the  incorporated  32P  was  quantified  by  phosphorimaging  (Fugi 
BAS1000;  Fugi  Medical  Systems,  Stamford,  CT).  The  level  of  cer¬ 
amide  was  determined  by  comparison  with  a  standard  curve  com¬ 
posed  of  a  known  amount  of  egg-  and  brain-derived,  mixed  N- acyl 


chain  ceramides  (Avanti  Polar  Lipids,  Alabaster,  AL),  and  Cer  was 
used  as  a  positive  standard  of  DAG  kinase  activity. 

Alternatively,  ceramide  levels  were  measured  by  HPLC.  A  nonen- 
zymatic  method  based  on  deacylation  of  ceramide  to  the  correspond¬ 
ing  sphingoid  base  and  derivatization  with  o-phthalaldehyde  (Mer¬ 
rill  et  al.,  1988)  as  modified  by  Yoon  et  al.  (1999)  was  used.  Lipid 
extract  aliquots  (20  pi)  were  quantified  by  reverse-phase  HPLC 
using  a  Nova  Pak  C18  column  (elution  with  methanol/6  mM  potas¬ 
sium  phosphate,  pH  7.0  (90:10),  flow  rate,  0.6  ml/min,  detection  by 
spectrofluorometry  (excitation,  340  nm;  emission,  455  nm)l,  with  Cer 
as  an  internal  standard.  Ceramide  levels  were  determined  by  com¬ 
parison  with  a  concomitantly  run  standard  curve  of  known  amounts 
of  ceramide  (Avanti  Polar  Lipids)  as  was  done  in  the  DAG  kinase 
method.  We  compared  the  quantity  of  ceramide  measured  by  the 
DAG  kinase  assay  with  that  estimated  by  the  HPLC  method.  The 
ceramide  levels  as  calculated  by  the  two  methods  correlated  well  as 
determined  by  linear  regression  analysis  (r  =  0.910;  p  <  0.004). 

Results 

A  Model  of  MCF-7  Chemoresistance.  To  investigate  the 
ability  of  novel  ceramide  analogs  to  affect  breast  cancer  che¬ 
moresistance  and  apoptosis,  we  developed  a  model  of  MCF-7 
breast  cancer  resistance  based  on  work  published  previously 
by  our  laboratory  (Burow  et  al.,  1998).  MCF-7N-TR  cells  are 
isogenic  variants  of  MCF-7N  cells  and  show  profound  resis¬ 
tance  to  the  apoptosis-inducing  effects  of  TNF-a,  even  at  100 
ng/ml  (Fig.  1).  This  is  in  contrast  to  the  parental  MCF-7N 
cells  where  treatment  with  only  1  ng/ml  TNF-a  resulted  in  a 
50%  reduction  in  cell  number,  and  10  ng/ml  reduced  cell 
viability  to  less  than  25%.  Resistance  to  TNF-induced  cell 
death  is  not  a  result  of  a  lack  of  TNF-a  receptors  because 
treatment  with  TNF-a  is  still  able  to  activate  intracellular 
signaling  pathways,  as  measured  by  a  nuclear  factor-xB  lu- 
ciferase  reporter  gene  assay  (data  not  shown).  Both  the  pa¬ 
rental  and  resistant  MCF-7  cell  variants  were  used  to  inves¬ 
tigate  the  ability  of  ceramide  analogs  to  induce  cell  death  and 
overcome  chemoresistance  mechanisms. 


Fig.  1.  The  MCF-7TN-R  breast  cancer  cell  variant  is  resistant  to  the 
cytotoxic  effects  of  TNF-a.  Cultured  MCF-7TN-R  (•)  or  MCF-7N  (O) 
breast  cancer  cell  variants  were  treated  with  increasing  doses  of  TNF. 
After  48  h,  cell  viability  was  estimated  using  the  MTT  assay.  Data  are 
presented  as  percentage  of  viability  of  vehicle-treated  control  cells.  Mean 
values  ±  S.E.  of  four  different  experiments  in  triplicate  are  reported. 
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TNF-a-Resistant  MCF-7  Cells  Do  Not  Generate  Cer- 
amide  after  TNF-a  Treatment.  Many  chemoresistant  tu¬ 
mor  cells  exhibit  defects  in  ceramide  generation  or  accumu¬ 
lation.  We  hypothesized  that  in  MCF-7TN-R  cells  ceramide 
generation  or  accumulation  was  low  and  that  this  contrib¬ 
uted  to  the  observed  resistance  to  TNF-a.  Therefore,  we 
investigated  the  effect  of  TNF-a  treatment  on  ceramide  levels 
in  the  MCF-7  cell  variants.  In  the  sensitive  (MCF-7N)  cell 
variant,  treatment  with  10  ng/ml  TNF-a  resulted  in  a  rapid 
rise  of  intracellular  ceramide  accumulation  which  peaks 
within  15  min,  with  a  return  to  basal  levels  by  2  h  (Fig.  2).  In 
contrast,  ceramide  levels  in  the  MCF-7N-TR  variant  did  not 
increase  significantly  over  the  course  of  TNF-a  treatment, 
suggesting  that  defective  ceramide  accumulation  correlates 
with  resistance  to  the  apoptotic  effects  of  TNFa. 

Cell  Death  Resistance  Mechanisms  Are  Overcome  by 
Exogenous  Ceramide  Treatment.  Because  the  resistant 
MCF-7TN-R  cell  line  did  not  generate  ceramide  in  response 
to  TNF-a  treatment,  we  determined  the  effect  of  restoring 
ceramide  signaling,  via  addition  of  exogenous  ceramide,  in 
the  resistant  and  sensitive  MCF-7  variants.  Synthetic  cer- 
amides  with  a  short  A^-acyl  chain,  such  as  7V-octanoyl,  are 
frequently  used  because  they  are  taken  up  readily  by  cul¬ 
tured  cells;  natural  ceramides  have  a  very  long  iV-acyl  chain 
and  are  difficult  to  introduce  into  cells  and  are  poorly  soluble 
in  aqueous  medium  (Luberto  and  Hannun,  2000).  We  used 
Cer  to  test  whether  treatment  with  exogenous  ceramide 
could  restore  the  ability  of  the  MCF-7TN-R  cells  to  undergo 
cell  death.  Treatment  of  MCF-7  cell  variants  with  Cer  re¬ 
sulted  in  a  virtually  identical  dose-dependent  decrease  in  cell 
viability  over  48  h  (Fig.  3),  with  an  IC50  of  approximately  30 
pM  in  both  the  TNF-sensitive  and  the  TNF-resistant  cell 
variants.  Ceramide  was  also  able  to  decrease  the  long-term 
survival  and  colony-forming  potential  of  both  cell  lines 
equally,  as  measured  by  an  8-day  colony  assay  (data  not 


Time  (hr) 

Fig.  2.  Resistant  MCF-7  cells  do  not  accumulate  significant  levels  of 
ceramide  after  TNF-a  treatment.  MCF-7TN-R  or  MCF-7N  cell  variants 
were  exposed  to  10  ng/ml  TNF-a  for  the  indicated  times.  Cells  were  fixed 
in  ice-cold  methanol,  harvested,  and  ceramide  levels  were  measured. 
Changes  in  ceramide  levels  are  expressed  as  fold  change  over  vehicle- 
treated  control  (normalized  to  1).  •,  MCF-7TN-R;  O,  MCF-7N.  Mean 
values  ±  S.E.  are  reported. 


Fig.  3.  Effect  of  Cer  treatment  is  similar  in  MCF-7TN-R  and  MCF-7N 
cells.  MCF-7  cells  variants  were  incubated  with  the  indicated  doses  of  Cer 
for  48  h.  After  incubation,  cell  viability  was  estimated  using  the  MTT 
assay.  Data  are  presented  as  percentage  of  viability  of  vehicle-treated 
control  cells.  •,  MCF-7TN-R;  O,  MCF-7N.  Mean  values  ±  S.E.  of  four 
different  experiments  in  triplicate  are  reported. 

shown).  These  findings  support  the  hypothesis  that  restora¬ 
tion  of  the  ceramide  signaling  component  is  able  to  restore 
cell  death  signaling  in  previously  resistant  MCF-7  cells. 

Ceramide  Analogs  Induce  Cell  Death  in  MCF-7  Vari¬ 
ants.  Because  exogenous  ceramide  addition  bypassed  che- 
moresistance  mechanisms  in  the  MCF-7  breast  cancer  vari¬ 
ants,  we  next  determined  whether  the  ceramide  structure 
could  be  altered  to  increase  the  ability  of  ceramide  to  reduce 
breast  cancer  cell  viability.  Five  novel  ceramide  analogs  (Fig. 
4)  were  tested  for  their  ability  to  induce  changes  in  MCF-7 
cell  viability.  The  analogs  varied  in  the  structure  and  com¬ 
position  of  the  ceramide  sphingoid  backbone.  Their  dose- 
response  curves  are  shown  in  Fig.  5A,  along  with  those  for 
Cer  and  dihydro-C8-ceramide;  the  latter  compound  differs 
from  ceramide  by  its  lack  of  the  4,5  double  bond  and  is  the 
commonly  used  negative  control  for  ceramide  treatment. 
Moving  the  position  of  the  C(4)-C(5)  double  bond  on  the 
sphingoid  backbone  of  ceramide  to  the  C(6)-C(7)  position 
(6-ene-Cer)  decreased  the  ability  of  this  compound  to  induce 
cell  death  compared  with  Cer,  except  at  doses  that  exceeded 
50  pM.  However,  the  addition  of  a  C(6)-C(7)  double  bond  with 
retention  of  the  original  C(4)-C(5)-trans  double  bond  resulted 
in  a  marked  improvement  in  potency;  the  IC50  of  4,6-diene- 
Cer  was  11.3  pM,  whereas  that  of  Cer  was  32.9  pM.  The 
same  C(4)-C(5)/C(6)-C(7)-trans  double  bond  system  was  also 
tested  with  a  phenyl  ring  at  C(7)  in  place  of  the  long,  sphin¬ 
goid  hydrocarbon  chain  (4,6-diene-7-Ph-Cer).  This  change, 
however,  reduced  the  efficacy  of  this  compound  at  all  concen¬ 
trations  tested.  Finally,  novel  analogs  were  synthesized  with 
the  addition  of  a  hydroxyl  group  at  C(6),  with  either  the 
original  double  bond  of  ceramide  (6-OH-C8)  or  a  triple  bond 
at  C(4)-C(5)  (6-OH-4-yne-C8).  Interestingly,  both  compounds 
were  more  potent  than  Cer  in  reducing  MCF-7TN-R  viability, 
with  the  6-OH-4-yne-C8  being  the  more  cytotoxic  of  the  two. 
All  analogs  were  also  tested  in  the  MCF-7N  variant  with 
similar  results  (IC60  of  37.7  and  13.7  pM,  for  Cer  and  4,6- 
diene-Cer,  respectively)  (data  not  shown).  To  more  easily 
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Fig.  4.  Structures  of  Cer,  DH-Cer,  and  the  D-erythro-C8  ceramides  in 
which  the  degree  of  saturation  in  the  long-chain  base  was  modified. 

evaluate  the  relative  potencies  of  the  ceramide  analogs,  we 
present  the  MCF-7  cell  viability  after  48-h  treatment  with  30 
p.M  of  the  drug  in  Fig.  5B.  As  shown  in  Fig.  5B,  4,6-diene-Cer 
was  the  most  potent  at  decreasing  MCF-7  cell  number. 

Cer  and  4,6-Diene-Cer  Induce  Apoptosis  in  MCF-7 
Cells.  Ceramide  has  been  shown  to  reduce  cell  number  by 
several  mechanisms,  including  induction  of  cell  death  by  both 
apoptotic  and  nonapoptotic  mechanisms  (Obeid  et  al.,  1993; 
Lopez-Marure  et  al.,  2002).  We  tested  the  hypothesis  that 
treatment  of  MCF-7  cells  with  Cer  induced  apoptosis  in  our 
model  system  and  that  4,6-diene-Cer  initiated  cell  death  in  a 
similar  manner.  An  early  event  in  apoptosis  is  a  loss  of 
membrane  asymmetry  that  results  in  phosphatidylserine 
“flipping”  from  the  inner  to  the  outer  leaflet  of  the  cell  mem¬ 
brane,  an  event  that  may  signal  to  phagocytes  to  clear  dying 
cells.  Phosphatidylserine  is  bound  by  Annexin  V,  and  there¬ 
fore  recognition  of  Annexin  V  binding  via  a  FITC-labeled 
Annexin  V  serves  as  a  useful  marker  of  early  apoptotic 
events.  Treatment  of  MCF-7N  cells  with  30  /llM  Cer  for  24  h 
resulted  in  a  2.9-fold  increase  in  the  percentage  of  Annexin- 
(  + )  cells  (from  7.1%  for  the  untreated  control;  Fig.  6,  A  and  B) 
to  27.8%),  whereas  treatment  with  DH-Cer  resulted  in  no 
increase  in  Annexin  binding  under  the  same  conditions.  The 
treatment  with  the  same  concentration  of  4,6-diene-Cer  re¬ 
sulted  in  a  greater  increase  (7.6-fold)  in  cells  undergoing 
early  apoptosis  (61.2%)  over  the  vehicle- treated  control  (Fig. 
6C).  These  data  suggest  that  the  reductions  in  MCF-7  cell 
number  shown  in  Fig.  5  are  the  result  of  greater  induction  of 
apoptosis  by  4,6-diene-Cer.  Results  with  the  resistant  MCF- 
7TN-R  cell  variant  were  similar  (data  not  shown). 

Ceramide  Analog-Induced  Apoptosis  Occurs 
through  the  Activation  of  the  Mitochondria.  Ceramide 


■  4,6-diene-7-Ph-Cer  v  6-OH-4-yne-Cer 

a  6-ene-Cer  a  6-OH-Cer 


Fig.  5.  4,6-Diene-Cer  is  highly  effective  at  inducing  MCF-7  cell  death.  A, 
effect  of  novel  analogs  on  cell  viability.  MCF-7TN-R  variant  was  treated 
with  Cer,  DH-Cer,  or  ceramide  analogs  for  48  h.  After  incubation,  cell 
viability  was  estimated  using  the  MTT  assay.  Data  are  presented  as 
mean  from  at  least  four  experiments  and  are  expressed  as  percentage  of 
viability  of  vehicle-treated  control  cells.  B,  comparison  of  novel  analogs  at 
the  IC60  of  Cer  (30  /xM).  The  percentage  of  viability  of  each  analog  at  30 
pM  after  48  h;  the  IC50  of  Cer,  is  shown.  Data  are  presented  as  mean  ± 
S.E.M.  of  at  least  four  experiments  performed  in  triplicate.  *,  p  <  0.05 
compared  with  Cer-treated  MCF-7  cells.  Note:  S.E.  is  not  shown  in  A  for 
simplicity  but  is  shown  for  B. 

is  reported  to  use  the  mitochondrial  pathway  of  apoptosis 
(Birbes  et  al.,  2002)  and  to  depend  on  release  of  cytochrome  c 
from  the  mitochondria  for  the  induction  of  apoptosis.  To 
confirm  that  Cer-induced  apoptosis  occurs  through  mitochon¬ 
drial  activation  and  to  test  whether  4,6-diene-Cer  induces 
cell  death  via  this  pathway,  we  used  immunoblotting  to  de¬ 
tect  release  of  cytochrome  c  from  the  mitochondria.  Treat¬ 
ment  of  MCF-7N  cells  with  Cer  resulted  in  release  of  cyto- 
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Fig.  6.  4,6-Diene-Cer  induces  apoptosis  in  MCF-7  cells.  MCF-7N  cells  were  treated  with  either  vehicle  (A),  Cer  (B),  or  4,6-diene-Cer  (C)  for  24  h  at  30 
pM.  Cells  were  analyzed  by  flow  cytometry  with  Annexin  V  and  propidium  iodide  to  determine  the  percentage  of  apoptosis.  Similar  results  were 
obtained  for  three  experiments.  D,  average  percentage  of  cells  in  viable  and  early  apoptotic  populations.  Data  are  presented  as  mean  ±  S.E.  from  three 
independent  experiments.  +,  p  <  0.05;  **,  p  <  0.01. 


chrome  c  into  the  cytosol  by  8  h  compared  with  vehicle- 
treated  control  (Fig.  7A).  Figure  7B  shows  that  treatment 
with  4,6-diene-Cer  caused  similar  changes  in  the  mitochon¬ 
drial  permeability  of  cytochrome  c  at  8  h,  which  continued  to 
increase  to  24  h.  Cytosolic  fractions  from  Cer  (data  not 
shown)  or  4,6-diene-Cer  showed  no  immu noreactivity  to  anti¬ 
cytochrome  oxidase  II,  demonstrating  that  fractions  were 
free  of  mitochondrial  contamination. 

The  opening  of  the  permeabilization  transition  pore  com¬ 
plex  is  thought  to  mediate  release  of  cytochrome  c  from  the 
mitochondria.  One  of  the  markers  of  the  opening  of  perme¬ 
abilization  transition  pore  complex  is  a  decrease  in  A'Fm.  We 
used  the  cell-permeant  JC-1  dye  to  monitor  changes  in  A'kn, 


after  Cer  or  4,6-diene-Cer  treatment.  In  healthy  mitochon¬ 
dria  with  an  intact  A¥m,  the  JC-1  dye  accumulates  and  forms 
aggregates  with  a  red  fluorescence.  As  the  A^Fm  is  lost,  the 
dye  is  not  actively  taken  up  into  the  mitochondria  and  re¬ 
mains  as  a  monomer  in  the  cytosol.  This  cytosolic,  monomeric 
form  is  distinguishable  from  the  aggregate  form  by  its  green 
fluorescence.  As  shown  in  Fig.  7C,  treatment  with  either  30 
pM  Cer  or  4,6-diene-Cer  led  to  a  significant  decrease  in  the 
mitochondria  membrane  potential  within  8  h  and  continued 
to  decrease  to  24  h,  demonstrating  the  involvement  of  the 
mitochondria  in  Cer-  and  4,6-diene-Cer-induced  apoptosis. 

4,6-Diene-Cer  Treatment  Results  in  Prolonged  Cer- 
amide  Generation.  Exogenous  ceramide  has  been  shown  to 


Ceramide  Analogs  in  Breast  Cancer 


529 


A 

Time  (h)  O  8  16  24 


(♦) 


Cyt  c 


Cytochrome 
oxidase  □ 


28kD 


O  8  16 


24 


p-Actln 


45kO 


c 


E3DH-C8  HCer  CZ)4.6-diene-Cer 


Fig.  7.  4,6-Diene-Cer  causes  mitochondrial  depolarization  and  release  of 
cytochrome  c.  MCF-7  cells  were  treated  with  Cer  (A)  or  4,6-diene-Cer  (B, 
30  pM)  for  8,16,  or  24  h.  Cells  were  fractionated  using  centrifugation,  and 
cytosolic  proteins  were  analyzed  by  immunoblotting  with  anti-cyto¬ 
chrome  c,  anti-cytochrome  c  oxidase  II,  or  0-actin.  Cytochrome  c  oxidase 
serves  as  a  marker  for  mitochondrial  contamination  of  cytosolic  fractions. 
Purified  cytochrome  c  was  used  as  a  positive  control  for  cytochrome  c 
staining,  a  whole  cell  lysate  was  used  as  a  (+)  control  for  cytochrome 
oxidase,  and  anti-/3-actin  was  used  as  a  control  for  protein  loading.  Data 
shown  are  representative  results  from  three  separate  experiments.  C, 
MCF-7  cells  were  treated  with  DH-Cer,  Cer,  or  4,6-diene-Cer  (30  pM)  for 
the  indicated  times.  Change  in  mitochondrial  membrane  potential  was 
estimated  using  a  ratio  of  JC-1  fluorescence  at  590  nm  (green)  and  530 
nm  (red)  as  described  under  Materials  and  Methods.  Data  are  presented 
as  mean  ±  S.E.  of  three  experiments  performed  in  quadruplicate. 


generate  endogenous  ceramide,  leading  to  speculation  that 
this  endogenous  ceramide  may  be  responsible  for  the  cellular 
effects  of  ceramide  treatment  (Ogretmen  et  al.,  2001).  To 
determine  whether  addition  of  exogenous  Cer  or  4,6-diene- 
Cer  affected  ceramide  accumulation,  we  treated  MCF-7  cells 
with  either  30  pM  Cer  or  4,6-diene-Cer.  Although  treatment 
with  Cer  resulted  in  a  pattern  of  ceramide  accumulation  that 


resembled  that  of  TNF-a,  ceramide  accumulation  in  response 
to  4,6-diene-Cer  was  markedly  different  (Fig.  8).  Cer  treat¬ 
ment  led  to  a  4.2-fold  increase  in  ceramide  and  peaked  within 
15  min  and  returned  to  baseline  by  1  h.  After  the  addition  of 

4.6- diene-Cer,  the  ceramide  level  rose  by  3.6-fold  over  the 
untreated  levels  within  15  min.  However,  unlike  TNF-a  or 
Cer,  4,6-diene-Cer  caused  ceramide  levels  to  continue  to  rise 
up  to  1  h  and  remain  significantly  elevated  even  to  24  h.  In 
comparison,  treatment  of  MCF-7  cells  with  either  4,6-diene- 
7-Ph-Cer  or  6-OH-Cer  did  not  increase  ceramide  levels  sig¬ 
nificantly.  HPLC  was  used  to  confirm  the  results  of  the  DAG 
kinase  assay.  The  results  correlated  well,  with  continuous 
elevation  of  ceramide  at  times  up  to  12  h  (24  h  was  not 
measured  by  the  HPLC  method)  (data  not  shown). 

4,6-Diene-Cer  Reduces  Viability  in  Other  Breast 
Cancer  Cell  Lines.  To  determine  whether  the  ability  of 

4.6- diene-Cer  to  decrease  cell  proliferation  and  viability  was 
restricted  to  the  MCF-7  breast  cancer  cell  line,  we  investi¬ 
gated  the  effect  of  4,6-diene-Cer  treatment  in  two  other  well 
studied  breast  cancer  cell  lines  with  varying  phenotypes.  The 
NCI/ADR-RES  (formerly  MCF-7  ADR;  Scudiero  et  al.,  1998) 
cell  line  is  a  commonly  used  model  of  chemoresistant,  P- 
glycoprotein-positive,  estrogen  receptor-negative  breast  can¬ 
cer,  whereas  MDA-MB-231  cells  are  a  model  of  invasive, 
estrogen  receptor-negative  breast  cancer.  As  shown  in  Fig.  9, 
treatment  of  either  MDA-MB-231  (A)  or  NCI/ADR-RES  (B) 
cells  with  Cer  or  4,6-diene-Cer  resulted  in  a  dose-dependent 
decrease  in  viability.  Importantly,  4,6-diene-Cer  was  more 
potent  than  Cer  in  both  the  MDA-MB-231  and  NCI/ADR- 
RES  cell  lines  at  all  doses  we  used,  demonstrating  that  the 
increased  potency  of  4,6-diene-Cer  is  not  restricted  to  the 
MCF-7  cell  model.  The  IC50  values  of  4,6-diene-Cer  were  3.7 
and  24.1  jmM  for  the  MDA-MB-231  and  NCI/ADR-RES  cell 
lines,  respectively,  compared  with  11.3  and  86.9  /llM,  respec¬ 
tively,  for  Cer. 

Ceramide  and  Ceramide  Analogs  Are  Less  Toxic  to 
Normal  Breast  Epithelial  Cells.  Ideally,  a  chemothera- 


-•-Cer  -o-  4,6-diene-Cer 

6-OH-Cer  4.6-diene-7-Ph-Cer 

Fig.  8.  4,6-Diene-Cer  treatment  results  in  prolonged  elevation  of  intra¬ 
cellular  ceramide.  MCF-7  cells  were  treated  with  ceramide  analogs  (30 
p.M)  for  the  indicated  times.  Cells  were  fixed  in  ice-cold  methanol,  har¬ 
vested,  and  ceramide  levels  were  measured.  Changes  in  ceramide  levels 
are  expressed  as  fold  change  over  vehicle-treated  control.  Mean  values  ± 
S.E.  are  reported.  *,  p  <  0.05;  **,  p  <  0.01;  #,  p  <  0.001 
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Fig.  9.  4,6-Diene-Cer  is  effective  in  inducing  apoptosis  in  other  breast 
cancer  cell  lines.  MDA-MB-231  (A)  or  NCI/ADR-RES  (B)  breast  cancer 
cells  (formerly  known  as  MCF-7/ADR)  were  treated  with  Cer  or  4,6-diene- 
Cer  for  24  h.  After  incubation,  cell  viability  was  estimated  using  the  MTT 
assay.  Data  are  presented  as  percentage  of  viability  of  vehicle-treated 
control  cells.  □,  DH-Cer;  #,  Cer;  O,  4,6-diene-Cer.  Mean  values  ±  S.E.  of 
three  different  experiments  in  triplicate  are  reported. 


peutic  agent  should  possess  a  level  of  selectivity  toward  tu¬ 
mor  cells  over  their  normal,  healthy  counterparts.  Because 
ceramide  and  novel  ceramide  analogs  induce  apoptosis  in 
MCF-7  breast  carcinoma  cells,  we  sought  to  determine  the 
effect  of  these  compounds  in  a  cell  line  of  breast  epithelial 
cells  (hTERT-HME)  that  are  immortalized  with  the  human 
telomerase  gene  while  retaining  a  normal  epithelial  pheno¬ 
type  (Jiang  et  al.,  1999).  Treatment  of  these  cells  with  either 
Cer  or  4,6-diene-Cer  did  not  result  in  a  similar  loss  of  viabil¬ 
ity  as  seen  in  the  MCF-7  cell  variants  (Fig.  10).  These  cells 
were  more  refractory  to  treatment  with  either  Cer  or  4,6- 


Treatment  (uM) 

-♦-Cer  o4,6-diene-Cer 


-■-Cer  (MCF-7)  -o 4,6-diene-Cer  (MCF-7) 

Fig.  10.  Normal  breast  epithelial  cells  are  more  refractory  to  ceramide 
analog  treatment.  Human  mammary  epithelial  cells  were  treated  with 
Cer  or  4,6-diene-Cer  for  24  h.  After  incubation,  cell  viability  was  esti¬ 
mated  using  the  MTT  assay.  Data  are  presented  as  percent  viability  of 
vehicle-treated  control  cells.  Mean  values  ±  S.E.  of  three  different  exper¬ 
iments  in  triplicate  are  reported.  (Note:  The  dose-response  curves  of  Cer 
and  4,6-diene-Cer  in  MCF-7  cells  are  shown  for  comparison.) 


diene-Cer  even  at  concentrations  that  were  very  toxic  to 
MCF-7  cell  variants. 


Discussion 

This  study  demonstrates  that  alterations  in  the  degree  and 
position  of  unsaturation  of  bonds  in  the  sphingoid  backbone 
of  Cer  affect  the  antiproliferative  activity  of  ceramide  analogs 
in  breast  cancer  cells.  The  most  efficacious  analog  of  Cer  we 
tested  is  4,6-diene-Cer,  which  contains  an  additional  trans 
double  bond  at  C(6)-C(7)  of  the  sphingoid  backbone.  4,6- 
Diene-Cer  exhibited  higher  cytotoxicity  than  Cer  in  all  of  the 
breast  cancer  cell  lines  we  tested  (Figs.  5  and  9)  and  dis¬ 
played  selectivity  toward  transformed  breast  cells  over  non- 
transformed  breast  epithelial  cells  (Fig.  10).  Treatment  of 
MCF-7  cells  with  Cer  or  4,6-diene-Cer  resulted  in  induction 
of  apoptosis  via  the  mitochondrial  pathway  by  8  h,  as  dem¬ 
onstrated  by  the  release  of  cytochrome  c,  loss  of  membrane 
asymmetry  (as  measured  by  Annexin  V  staining),  and  de¬ 
crease  in  the  mitochondrial  membrane  potential  (Figs.  6  and 
7).  Furthermore,  4,6-diene-Cer  caused  a  prolonged  elevation 
of  intracellular  ceramide  levels  in  MCF-7  cells  (Fig.  8),  which 
may  contribute  to  its  enhanced  cytotoxicity.  These  data  sug¬ 
gest  that  these  and  other  novel  ceramide  analogs  represent 
potential  therapeutic  agents  in  breast  cancer  treatment. 

We  and  others  have  shown  that  defective  ceramide  gener¬ 
ation  after  cytotoxic  stress  leads  to  increased  cellular  resis¬ 
tance  to  such  agents;  tumor  cells  are  often  defective  in  apo- 
ptotic  signaling  as  a  result  of  alterations  in  the  ceramide 
pathway  (Senchenkov  et  al.,  2001).  In  this  study,  our  TNF- 
resistant  MCF-7TN-R  cell  variant  demonstrated  no  signifi¬ 
cant  generation  of  ceramide  after  TNF-a  exposure  (Fig.  2),  a 
finding  that  correlates  with  other  reports  regarding  ceramide 
generation  and  resistance  to  apoptosis  (Cai  et  al.,  1997; 
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Wang  et  al.,  1999).  Restoration  of  ceramide  signaling  (via 
exogenous  ceramide)  decreased  MCF-7TN-R  cell  viability  in 
a  manner  that  was  nearly  identical  to  its  TNF-sensitive 
counterpart  (Fig.  2),  demonstrating  that  the  ceramide  signal¬ 
ing  pathway  plays  an  important  role  in  the  apoptotic  sensi¬ 
tivity  of  these  cells.  This  observation  supports  the  hypothesis 
that  ceramide  levels  are  low  in  resistant  tumor  cells,  and  in 
these  types  of  cells  ceramide  replacement  therapy  would 
provide  a  significant  benefit.  This  hypothesis  is  further  sup¬ 
ported  by  our  finding  that  the  telomerase-transfected  breast 
epithelial  cells  (hTERT-HME),  which  retain  a  normal  epithe¬ 
lial  phenotype,  are  not  greatly  affected  by  Cer  or  4,6-diene- 
Cer  treatment  (Fig.  10).  This  correlates  with  findings  by 
others  that  many  nontransformed  cells  are  less  sensitive  to 
ceramide-induced  cell  death  (Selzner  et  al.,  2001;  Lopez- 
Marure  et  al.,  2002)  and  suggests  that  ceramide-based  che¬ 
motherapy  may  be  selective  for  tumor  cells  in  vivo. 

We  used  novel  ceramide  analogs  to  directly  target  the  cell 
death  machinery  in  breast  cancer  cells.  Specifically,  we  have 
used  novel  ceramide  analogs  that  are  altered  with  respect  to 
the  degree  and  position  of  unsaturation  of  bonds  in  the  sphin¬ 
goid  backbone  of  D-eo'^o-Af-octanoyl-ceramide.  Others  have 
demonstrated  that  changes  in  ceramide’s  structure  can  re¬ 
sult  in  increased  efficacy  of  these  compounds  (Wieder  et  al., 
1997;  Van  Overmeire  et  al.,  2000;  Macchia  et  al.,  2001;  Chun 
et  al.,  2003b).  For  example,  Macchia  et  al.  (2001)  used  DNA 
fragmentation  and  release  of  cytochrome  c  to  analyze  the 
effect  of  replacing  the  polar  portion  of  the  ceramide  molecule 
with  uracil  or  thiouracil.  The  compounds  produced  potent  in 
vivo  antitumor  activity  in  a  model  of  mouse  colon  cancer  with 
few  systemic  side  effects,  demonstrating  the  potential  of  cer¬ 
amide  analogs  as  a  treatment  strategy.  Here,  we  demon¬ 
strate  that  the  double  bond  character  of  the  sphingoid  back¬ 
bone  of  ceramide  plays  a  key  role  in  determining  the  ability 
of  our  ceramide  analogs  to  induce  cell  death  effectively.  We 
show  that  4,6-diene-Cer  exhibited  higher  cytotoxicity  than 
Cer  in  TNF-a-resistant  (IC50  of  11.3  versus  32.9  ptM)  and 
TNF-a-sensitive  (IC50  of  13.7  versus  37.7  /llM)  MCF-7  cells 
treated  with  the  sphingolipids  for  48  h.  4,6-Diene-Cer  was 
also  more  effective  than  Cer  in  inducing  cell  death  in  MDA- 
MB-231  and  NCI/ADR- RES  breast  cancer  cell  lines  (IC60  of 
3.7  versus  11.3  p.M,  and  24.1  versus  86.9  n M,  respectively). 

The  double  bond  at  C(4)-C(5)  has  previously  been  shown  to 
be  important  in  mediating  some  of  the  biological  and  apopto¬ 
tic  effects  of  ceramide  (Bielawska  et  al.,  1993;  Karasawas  et 
al.,  1996;  He  et  al.,  1999).  This  selectivity  of  location  of 
unsaturation  in  the  sphingoid  backbone  is  supported  by  our 
data,  because  6-ene-Cer,  which  has  the  unsaturation  only  at 
C(6)-C(7),  was  considerable  less  potent  than  analogs  that 
contained  a  C(4)-C(5)  trans  double  bond  (with  the  exception 
of  4,6-diene-7-Ph-Cer),  with  an  IC60  value  of  43.2  pM.  How¬ 
ever,  the  presence  of  the  C(4)-C(5)  and  C(6)-(C)7  double 
bonds  alone  is  not  sufficient  to  confer  increased  efficacy  as 
4,6-diene-7-Ph-Cer  did  not  induce  greater  than  55%  cell 
death  at  concentrations  up  to  100  pM.  The  replacement  of 
the  long-chain  base  with  a  phenyl  group  may  alter  the  li- 
pophilicity  of  the  compound  such  that  it  is  not  taken  up 
efficiently  or  inserted  into  cellular  membranes.  Van  Over¬ 
meire  et  al.  (2000)  also  investigated  ceramide  analogs  with 
an  aromatic  ring  similar  to  4,6-diene-7-Ph-Cer  and  found 
these  compounds  to  be  very  effective.  However,  it  is  difficult 
to  correlate  these  results  with  those  in  the  present  study 


because  the  biological  response  measured  in  that  study  dealt 
with  overcoming  axonal  growth  inhibition  in  hippocampal 
neurons.  Interestingly,  treatment  of  MCF-7  cells  with  cer¬ 
amide  analogs  containing  an  additional  hydroxyl  group  at 
C-6  resulted  in  a  higher  cytotoxicity  than  that  found  with 
Cer;  the  IC60  value  of  6-OH-Cer  was  reduced  by  27%  to  23.7 
pM,  and  introduction  of  further  unsaturation  at  C(4)-C(5),  as 
in  the  triple-bond  analog  6-OH-4-yne-Cer,  yielded  a  further 
increase  in  cytotoxicity  (IC60  of  13.9  pM,  i.e.,  a  58%  decrease 
versus  Cer). 

Mitochondria  play  a  central  role  in  the  intrinsic  pathway  of 
apoptosis.  Stimuli  that  activate  this  pathway  lead  to  in¬ 
creased  permeability  of  the  outer  mitochondrial  membrane 
and  decreased  transmembrane  potential,  release  of  cyto¬ 
chrome  c,  and  production  of  reactive  oxygen  species,  which 
ultimately  lead  to  activation  of  downstream  effector  caspases 
(Kaufmann  and  Earnshaw,  2000).  Both  endogenously  de¬ 
rived  or  exogenously  added  ceramide  can  cause  generation  of 
free  radicals  and  hydrogen  peroxide  at  the  mitochondria, 
disruption  of  mitochondrial  membrane  potential  (Garcia- 
Ruiz  et  al.,  1997;  Gudz  et  al.,  1997;  Quillet-Mary  et  al.,  1997), 
and  release  of  cytochrome  c.  Here,  we  demonstrate  that 
treatment  with  both  Cer  and  4,6-diene-Cer  results  in  a  de¬ 
crease  in  by  2  h,  which  is  significant  by  8  h,  and 

continues  to  decrease  to  24  h  (Fig.  7C).  The  timing  of  the 
significant  decrease  in  A^  at  8  h  coincides  with  the  first 
observable  release  of  cytochrome  c  from  the  mitochondria 
into  the  cytosol  and  suggests  that  dissipation  of  pro¬ 
motes  the  release  of  cytochrome  c.  Release  of  cytochrome  c 
was  followed  by  further  signs  of  apoptosis  execution  as  mea¬ 
sured  by  loss  of  membrane  symmetry  (Annexin  V  staining). 
Treatment  of  MCF-7  cells  with  4,6-diene-Cer  resulted  in 
more  than  twice  the  level  of  Annexin  V  staining  (Fig.  6) 
compared  with  that  found  with  Cer,  which  correlates  with 
the  increased  loss  of  cell  viability. 

An  interesting  observation  that  also  requires  further  in¬ 
vestigation  is  the  pronounced  ability  of  4,6-diene-Cer  to  in¬ 
crease  intracellular  ceramide  levels  for  up  to  24  h.  We  hy¬ 
pothesize  that  this  leads  to  a  continuous  stimulation  of 
ceramide-mediated  death  signaling,  rather  than  the  short 
burst  seen  with  Cer  treatment.  The  altered  structure  of  4,6- 
diene-Cer  may  allow  it  to  differentially  activate  or  inhibit 
enzymes  in  the  ceramide  metabolic  pathway  (Bielawska  et 
al.,  1996;  Selzner  et  al.,  2001). 

In  conclusion,  our  results  demonstrate  that  novel  ceramide 
analogs  may  represent  chemotherapeutic  agents  capable  of 
overcoming  apoptotic-resistance  mechanisms  in  breast  can¬ 
cer.  We  demonstrate  that  manipulation  of  the  ceramide 
structure  can  increase  the  ability  of  these  agents  to  target 
chemoresistance  and  apoptosis  machinery  in  tumor  cells. 
Although  the  use  of  any  chemotherapeutic  agent  can  be  lim¬ 
ited  when  used  alone,  deliberate  pharmacological  manipula¬ 
tion  of  ceramide  levels  via  ceramide  analogs  such  as  those 
described  here  may  lead  to  an  effective  therapeutic  approach 
to  treating  breast  cancer. 
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